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Abstract
Recently, the first lithium detection outside of the Milky Way was made in low-metallicity
gas of the Small Magellanic Cloud, which was at the level of the expected primordial
value. Part of the observed lithium in any environment has primordial origin, but there is
always some post-BBN (Big Bang Nucleosynthesis) contamination, since lithium can also
be produced in cosmic-ray interactions with the interstellar medium. Using the fact that
processes involving cosmic rays produce lithium, but also gamma rays through neutral
pion decay, we use the Small Magellanic Cloud gamma-ray observations by Fermi-LAT to
make predictions on the amount of lithium in this galaxy that was produced by galactic
cosmic rays accelerated in supernova remnants. By including both fusion processes, as
well as spallation of heavier nuclei, we find that galactic cosmic rays could produce a very
small amount of lithium. In the case of 6Li isotope (which should only be produced by
cosmic rays) we can only explain 0.16% of the measured abundance. If these cosmic rays
are indeed responsible for such small lithium production, observed abundances could be
the result of some other sources, which are discussed in the paper.
Keywords: Cosmic rays, gamma rays, Nucleosynthesis, Abundances, Small magellanic
cloud, supernova remnants
1. Introduction
Products of interactions of hadronic cosmic rays (CR) with the interstellar medium
(ISM) can be used to probe the history as well as present day cosmic-ray production
and interactions. High energy CRs produce gamma rays (p + p→ pi0 → γ + γ) through
neutral pion decay [42, 43]. Cosmic-ray collisions with the ISM can also produce light
elements (lithium, beryllium and boron). For example, production of lithium can be the
result of fusion (α + α → 6,7Li; [24]) and spallation of heavier nuclei (p, α + C,N,O →
6,7Li; [34]). Since both processes are the result of hadronic CR interactions they can
be linked, as was done by Fields & Prodanovic´ (2005) [15], who gave a simple model-
independent connection between lithium produced in fusion reactions and pionic gamma
rays, produced by some cosmic-ray population. They linked Solar lithium abundances [4]
and the isotropic diffuse gamma-ray background (which excludes any resolved sources)
- IGRB [40] observed by the EGRET telescope [15, 32]. This relation can be used to
constrain any CR population from two sides. Still, the difference between these two CR
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products, does exist. Production of lithium is a cumulative process, and the present day
abundances of lithium in the gas of any galaxy are the result of CR production over the
history of the galaxy (plus some primordial, as well as some pre-galactic production).
On the other hand, gamma-ray luminosity of a galaxy at any given moment is the result
of the CR interactions at that moment.
First measurements of 7Li outside of the Milky Way (MW) were made in the low-
metallicity interstellar gas of the Small Magellanic Cloud (SMC), which has one quar-
ter of the Sun’s metallicity [20]. Observation of 7Li in low-metallicity interstellar gas
is important since these abundances should not be affected by changes in stellar at-
mospheres that could be present in lithium abundances measured in for example MW
halo stars. So, in case of lithium in the interstellar gas it might be easier to distin-
guish between primordial and CR-produced components of lithium. The measured value
(7Li/H)SMC,obs = (4.8±1.8)×10
−10 [20] is at the level of the expected primordial abun-
dance (7Li/H)BBN = (4.56− 5.34)× 10
−10 [7]. Measurements also give the isotopic ratio
(6Li/7Li)SMC,obs = 0.13±0.05, with the formal limit of (
6Li/7Li)SMC,obs < 0.28 (3σ) [20].
This small neighboring galaxy is also interesting since it was detected in gamma
rays by Fermi telescope with an integrated flux of Fγ,SMC,obs(> 100MeV) = (3.7 ±
0.7) × 10−8 phot cm−2s−1 [1]. Here we will use model-independent gamma-ray–Li con-
nection [15, 32] and models for production of GCRs in normal galaxies [27, 28] to con-
strain the post-BBN lithium production by GCRs in SMC and check weather GCRs
could produce an important part of the observed SMC lithium abundance.
2. Formalism and Results
The connection between CR lithium synthesis and hadronic gamma-ray production
is derived in Fields & Prodanovic´ (2005) [15]. Low-energy (≈ 10 − 70MeVnucleon−1)
cosmic rays produce lithium through αα → 6,7Li + ..., but cosmic rays also produce
gamma rays via neutral pion decay pp → pi0 → γγ (threshold energy for this process is
higher ≈ 280MeVnucleon−1).
We want to use this connection to link the production of lithium in SMC and the
pionic gamma-ray intensity produced by all SMC-like galaxies over the cosmic history.
We will assume that both lithium and gamma rays are produced inside galaxies, and
that the cumulative pionic gamma-ray intensity produced by all SMC-like galaxies is
isotropic, even though it is produced as the sum of all unresolved small galaxies, which
are point sources. In [15] the relation linking these two quantities - pionic gamma-ray
intensity Iγ (integrated over the entire energy range) and lithium abundance, specifically
mole fraction Y6,7 ≡
n6,7
nb
(where n6,7 is number density of
6,7Li, and nb comoving baryon
number density), produced in fusion reactions of CRs and α particles from the ISM was
given as:
Iγ(E > 0, t)
Y6,7(−→x , t)
=
nbc
4piycrα y
ism
α
σγ
σ6,7αα
Fp,avg(t)
Fp(−→x , t)
, (1)
where the comoving baryon number density is nb = 2.52×10
−7 cm−3 (and enters equation
(1) because of the way [15] define mole fraction Y6,7 and pionic gamma-ray intensity Iγ).
The CR and ISM helium abundances are ycrα = y
ism
α = 0.072 where yα = nα/nH ≡ (He/H)
2
and nH is hydrogen number density (based on SMC abundances from [36]). The flux-
averaged pionic gamma-ray production cross section is σγ ≡ 2ξαζpiσpi0 , where the factor
of 2 is introduced because of the number of photons per pion decay, the factor ξα = 1.45
accounts for pα and αα reactions [8], ζpi is the pion multiplicity and σpi0 is the flux-
averaged cross section for pion production. For the total inclusive cross section ζpiσpi0 for
pion production we use parametrization from [25]. Cross sections for lithium production
σ6,7αα is from [22]. We will focus on
6Li isotope since it is only produced in CR interactions
with the ISM [12, 44], so the measured abundances of this lithium isotope can tell us
more about the CR flux in that environment.
Lithium and gamma-ray production cross sections behave differently, since lithium
production is a low-energy phenomenon, while neutral pion production is a significantly
higher energy phenomenon. These differences are sensitive to the choice of cosmic-ray
spectra one uses. The best fit of the observed SMC gamma-ray spectrum from [1]
gives a power law spectrum in total energy, with spectral index αSMC = 2.23 (in the
0.1 − 500GeV energy range). We will adopt a source spectrum that is a power law in
momentum φ(p) ∝ p−2.23, and include cosmic-ray propagation based on ”closed box”
model. Propagation was implemented like in [13], but without the particle escape (which
was included in their paper for calculating light element abundances in the Milky Way,
which can be described using ”leaky box” model). Propagation will mostly impact lower
energies, which are the most important when considering lithium production (so the
propagated spectrum in the MeV energy range will be different than the approximation
of a simple power law in total energy). On the other, ”closed box” model doesn’t allow
for particle escape, so the slope of the propagated spectrum at higher energies will not
change significantly and will remain consistent with the observed one at energies over
a few GeV. Cross sections for gamma-ray and lithium production used in Eq.(1) are
averaged over this propagated CR spectrum, where integration is done from threshold
energy Eth = 3MeV/nucleon.
1 After averaging, the ratios of average cross sections for
pion and αα lithium production are σ6αα/σpi0 = 0.72 and σ
7
αα/σpi0 = 1.28. The ratio
of average cross sections for production of the two lithium isotopes in case of this CR
spectrum is σ7αα/σ
6
αα = 1.78. Still, extrapolation to lower energies we are interested in, is
always uncertain, and is based on assumptions of CRs propagation. Resent observations
of local interstellar spectrum, which goes as low as 5MeV, suggests the presence of more
low energy CRs, than what would be expected from standard propagated galactic CR
spectrum [30], like the one we use.
The ratio of the line-of-sight baryon-averaged cosmic-ray fluence (time-integrated
flux) and local CR fluence in some star-forming galaxy (weighed by its gas mass frac-
tion µ(−→x , t)) Fp,avg(t)/Fp(−→x , t) compares the cumulative CR activity in an average-star
forming galaxy and local CR activity in the considered galaxy [15]. In this paper we will
compare the mean cosmic-ray fluence inside small irregular SMC-like galaxies and local
CR fluence inside the SMC itself. If we assume that SMC is a typical representative of
these small galaxies (with masses similar to that of the SMC) the fluence ratio will be
Fp,avg(t)/Fp(−→x , t) ≈ 1.
Gamma-ray observations of SMC by Fermi-LAT have resulted in an integrated gamma-
1This is the lowest threshold energy for all reactions considered here, i.e. 280MeV in case of pionic
gamma-ray production [25], 8.75MeV/nucleon in case od fusion [22] and 3MeV/nucleon in case of
spallation production of lithium [34] (this lowest threshold energy is for α+N −→ 6Li + ... reaction).
3
ray flux Fγ,SMC,obs(> 100MeV) = (3.7 ± 0.7)× 10
−8 phot cm−2s−1 [1]. This flux is the
result of cosmic-ray activity of SMC at the present epoch. On the other hand non-
primordial part of the measured lithium abundance in the SMC was produced by cosmic
rays throughout SMC’s history. Here we will use the present day gama-ray flux of the
SMC measured by the Fermi-LAT to normalize the differential gamma-ray intensity
dIγ
dΩ
[
photGeV−1cm−2s−1sr−1
]
, detected at the present epoch but produced by a popu-
lation of SMC-like galaxies that have accelerated cosmic rays over the cosmic time (based
on models from [28]):
dIγ
dΩ
=
c
4piH0ψSMC
∫ z∗
0
dz
[
ρ˙∗(z)
CΓ(E(1 + z), z)√
ΩΛ +Ωm(1 + z)3
(2)
×
(
1
µ0,SMC
−
(
1
µ0,SMC
− 1
)) ∫ z
z∗
dz dt
dz
ρ˙∗(z)∫ 0
z∗
dz dt
dz
ρ˙∗(z)
]
.
We use H0 = 67.81 kms
−1Mpc−1 as a Hubble parameter, and ΩΛ = 0.692 and
Ωm = 0.308 as values for cosmological parameters, which are all based on Planck measure-
ments [3]. For the SMC gas mass fraction today we adopt µ0,SMC =Mgas,SMC/Mtot,SMC =
0.11, which was derived using total SMC mass of Mtot,SMC ≈ 4 × 10
9M⊙ [19] and
gas mass Mgas,SMC = 4.5 × 10
8M⊙ [41]. Present star formation rate of the SMC is
ψSMC = 0.3M⊙ yr
−1 [35].
The evolution of GCR flux over cosmic time is imprinted in the evolution of cosmic
star formation rate (CSFR) ρ˙∗(z)
[
M⊙yr
−1Mpc−3
]
, for which we use results from the
Illustris simulation [45]. Their total CSFR is in quite good agreement with the observa-
tions, and only slightly overestimates total CSFR at lowest redshifts (this might be due
lower AGN feedback, which can result in larger star formation at these redshifts). In
[45] they also give CSFR curves for galaxies in different stellar mass bins in the range
of 107 − 1011M⊙. In case of the SMC with stellar mass Mstar,SMC = 4 × 10
8M⊙ [35]
we will adopt the closest CSFR curve, which corresponds to objects with stellar masses
of 108.5M⊙ and which describes star formation in galaxies similar to the SMC. Smaller
galaxies, have a much more important contribution to the total CSFR on larger redshifts,
while larger galaxies such as the MW have mostly virialized around z∗ = 5 and dominate
star formation at low redshifts. Based on the CSFR curve for small SMC-like galaxies,
for the redshift of virialization of these galaxies we will adopt z∗ = 10.
For the shape of the gamma-ray spectrum produced by neutral pion decay (which
were formed by GCR interactions with the ISM in the galaxy) Γ(E, z), we use semi-
analytical formula from [29] and we normalize it using the observed gama-ray flux of
the SMC. Finally using [28] GCR models and input parameters described here, we find
the resulting differential gamma-ray intensity of the SMC-like galaxies and plot it on
Fig. 1 (solid line). We also plot the latest Fermi-LAT diffuse gamma-ray background
measurements [2]. Based on our model SMC-like galaxies contribute very little to the
diffuse gamma-ray background (around 0.15%). We did not include attenuation of high
energy gamma rays by the extragalactic background light [38, 17, 18], since this type of
attenuation is significant at energies> 100GeV, which are higher than energies important
for our study.
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Figure 1: Differential gamma-ray intensity of SMC-like galaxies (solid line). Data points represent
the latest Fermi-LAT measurements of the isotropic diffuse gamma-ray background (IGRB) [2]. For
comparison, we also plot differential gamma-ray intensity of MW-like galaxies (dashed line) derived in
the same way.
The resulting differential gamma-ray intensity describes the entire cosmic-ray activity
of SMC-like galaxies over the cosmic time. It gives the total gamma-ray intensity of
Iγ(> 0) = 3.08 × 10
−8phot cm−2s−1sr−1 which can now be used in Eq.(1) to find the
resulting 6Li abundance. The abundance of this lithium isotope that could be produced
by GCRs (if we assume that the whole SMC gamma-ray flux observed by the Fermi-LAT
is produced by those GCRs) is:
(6Li/H)SMC = 8.69× 10
−14 .
If we adopt the isotopic ratio of (6Li/7Li) = 0.13 in the SMC than the corresponding
observed 6Li abundance is (6Li/H)SMC,obs = 6.24 × 10
−11. In this case the lithium
abundance derived here represents 0.14% of the observed value.
Fusion reactions are not the only processes by which CRs produce lithium. Spallation
of heavier nuclei (C,N,O) in the ISM, by protons and alpha particle from CRs, can also
produce lithium via p, α + C,N,O → 6,7Li. Reverse processes in which heavier nuclei
CRs interact with p and α in the surrounding ISM, also lead to the same reaction.
In case of fusion processes the produced lithium mole fraction Y αα6 ∼ y
cr
α Y
ism
α σ
αα
6 Φpt0
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depends on the abundances of α particles in the ISM Y ismα , flux of CR alpha particles
which can be expressed using the flux of CR protons as ycrα Φp, production cross section
σαα6 , and the age of the galaxy considered t0. Similar relation can be written in case
of lithium produced in spallation processes. We will include both forward and inverse
kinematics spallation reactions. Abundances of C,N and O in the SMC can be found
in [36], and we have used abundances derived from measurements from main-sequence
stars and HII regions. We approximate here that SMC abundances were constant through
SMCs history and equal to the half of the present day value. In case of our closed box
propagated spectrum and SMC abundances we get that spallation produced mole fraction
of 6Li is Y spall6 = 0.16Y
αα
6 . So after including spallation the total amount of lithium that
can be produced by GCRs is
(6Li/H)totSMC = 1.0× 10
−13 ,
which represents only 0.16% of the abundance of 6Li measured in the SMC gas.
The same calculation can be applied in any case where lithium and gamma-ray data
are available. For example, [15] have used the same gamm-ray–lithium connection in case
of the Milky Way (MW). As a consistency check, we will also use equation (1) to link MW
lithium abundances and the gamma-ray intensity of all unresolved MW-like galaxies. In
case of the MW we will use present star formation rate ψMW = 1.9M⊙ yr
−1 [6], gas mass
fraction µ0,MW = 0.12 derived with total mass of our Galaxy Mtot,MW = 8 × 10
10M⊙
and gas mass Mgas,MW = 1× 10
10M⊙, and gamma-ray luminosity LMW(> 100MeV) =
2.86 × 1042 phot s−1, all from [28]. For the CSFR curve we will use Illustris curve for
total CSFR [45], and since larger MW type galaxies are the main source of star formation
on lower redshifts, we can still approximate Fp,avg(t)/Fp(−→x , t) ≈ 1. In case of the MW
we will use the same momentum power law source spectrum φ(p) ∝ p−2.23 (consistent
with [39] for local GCR spectrum), but the propagation is done based on ”leaky box”
model just as in [13], which allows the escape of the most energetic particles and leads
to the change of spectral index on high energies (where we get α ≈ 2.75). Abundances
of C,N,O that we need in order to include spallation processes can be found in [4] (we
again assume that these abundances were constant throughout MW history and equal
to the half of the present day value). The resulting differential gamma-ray intensity of
MW-like galaxies is also plotted on Fig. 1 (dashed line). It is in good agreement with
the [14] results for the total GCR-produced gamma-ray spectrum of all unresolved star
forming galaxies (they have also assumed that MW is a typical star forming galaxy).
We calculate the possible 6Li production by GCRs in the MW, and get that MW could
produce around 3 orders of magnitude more lithium than SMC. Compared to the solar
abundance of lithium (6Li/H)⊙ = 1.53 × 10
−10 [4] we get (6Li/H)MW ≈ 0.76(
6Li/H)⊙.
This also means that if we assume that the entire solar 6Li abundance is produced by
GCRs, the corresponding gamma-ray intensity of the MW-like galaxies would be larger
and would violate the observed IGRB, which is consistent with the conclusions in [15, 33].
The difference in resulting lithium production when using SMC and MW for normal-
ization comes from a larger CSFR in case of larger MW galaxy. Also, the present star
formation rate of the MW ψMW = 1.9M⊙ yr
−1 [6] is around 6 times larger than in the
SMC ψSMC = 0.3M⊙ yr
−1 [35]. Our galaxy also has over an order of magnitude larger
gas mass compared to the SMC, which results in larger cosmic-ray lithium production
and the resulting gamma-ray flux. There is also a difference in the slope of the CR
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spectra for these two galaxies, which will impact the mean production cross sections for
lithium and gamma-rays. Moreover, in [1] gamma-ray emissivity of the SMC is compared
to that of the MW and they argue that the local MW value is at least 6− 7 times higher
then that of the SMC, while [27, 28] use an even higher value for the MW gamma-ray
emissivity. Also, in [1] it is shown that the observed gamma-ray flux in the SMC implies
that the average CR density in this galaxy is at most around 15% of the measured MW
value. All of this will result in a smaller lithium production in the SMC compared to our
Galaxy.
3. Discussion
Using the Fermi-LAT gamma-ray detection of the SMC we have estimated the amount
of lithium that can be produced by GCRs which we assume to be the cosmic-ray pop-
ulation producing observed gamma-ray flux. Even though, GCRs are expected to be
the dominant CR population, our calculation shows that GCR-produced 6Li is less then
1% of the observed abundance. We have included αα interactions, as well as spallation
processes. In case of SMCs metallicity and CR spectrum, spallation is a subdominant
production channel and most of the CR produced lithium in case of this galaxy is pro-
duced via fusion processes.
As the most extreme assumption, we can say that the Fermi-LAT diffuse gamma-ray
background [2] is entirely produced by gamma rays from unresolved SMC-like galaxies.
If we go through the same procedure as before, with this extreme assumption, we can
explain 55% of the observed 6Li abundance. On the other hand this extreme assumption
can produce only 12% of the observed 7Li abundance (and 0.04% without this extreme
assumption), which is consistent with the fact that this lithium isotope, is in big part
produced in the BBN. Observed abundance of this isotope in the SMC is consistent with
the expected primordial abundance, so after removing GCR-produced 7Li that we get,
we still won’t deviate much from the expected primordial abundance. Also, in [20] it was
found that the observed lithium isotopic ratio of 0.13 implies that CRs in general could
have produced 19% of the observed 7Li abundance in the SMC. All of this, leaves room
for some additional CR component next to the GCRs.
We can also use the observed lithium abundances in the SMC and predict how much
can SMC-like galaxies contribute to the observed IGRB if the entire observed lithium
in SMC was produce solely by GCRs. If this was the case, the resulting gamma-ray
production would be 1.8 times larger than the observed IGRB in case of the propagated
CR spectrum (if we include both fusion and spallation processes). This would also mean
that the present day gamma-ray flux of the SMC should be 3 orders of magnitude larger
than the observed value. On the other hand, if an important part of the observed SMC
lithium is made by some other process, other than GCR interactions, it would be possible
to produce the observed lithium abundances without producing that many gamma-rays.
The isotopic ratio of lithium measured in the SMC is consistent with the ratio mea-
sured in the MW gas [21]. Since SMC is a lower metallicity system and with a lower CR
fluence than in the MW, if GCRs are the dominant CR species one would expect the
isotopic ratio 6Li/7Li to be lower than in the MW. Observed abundance of 6Li, which
is larger than the one derived from our models, and the observed isotopic ratio work in
favor of some other cosmic-ray acceleration mechanism being present in the SMC, which
could in turn produce more lithium. For example cosmic rays could be produced by large
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scale structure formation [23, 16, 15, 9], high-energy pulsars [26, 1], pulsar wind nebu-
lae [5] or binary systems [37, 11]. If any of these mechanisms is an important contributor
to lithium production and accelerates CRs for a long time, it would also enhance the
gamma-ray flux of these galaxies. The observed IGRB can constrain any of these mech-
anism, but since we are dealing with small galaxies (and our GCR produced gamma-ray
intensity is much lower than the observed IGRB), there is still room for additional CR
populations. Also, SMC might not be a typical small galaxy, corresponding to the CSFR
curve we have used. For example SMC might have had periods of much larger star
formation than the present one, triggered by close flybys with the MW and their tidal
interaction [31, 10]. This could also lead to the production of additional CR popula-
tion, only present during galaxy interaction. This CR population would not be present
for a long time compared to the life of a galaxy, so their gamma-ray production in all
unresolved SMC-like galaxies would not violate the observed IGRB, nor would it affect
the present day gamma-ray flux of the SMC. Also, these tidal interactions would impact
smaller galaxies more, so more lithium would be produced in the SMC, but not in the
MW. In [31] it was shown that tidal interactions could be a very effective mechanism
for lithium production in the SMC, and that even a single close fly-by of MW and SMC
could produce a non-negligible abundance of lithium. The observed gamma-ray flux and
lithium abundances of the SMC imply a more interesting galactic history of this galaxy
in order to fully explain both measurements and understand how the CR flux inside the
galaxy has changed during the lifetime of the SMC, which is something we will consider
in the follow-up work.
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